A mixed product of lithium metasilicate (74%) and minor proportions of calcium carbonate, lithium carbonate and calcium hydroxide was prepared by hydrothermal synthesis from waste green container glass in 4 M lithium hydroxide solution at 125 °C. The reaction product was characterised by powder X-ray diffraction and Fourier transform infrared spectroscopy. The lithium metasilicate product was found to be a successful heterogeneous catalyst for the Knoevenagel synthesis of ethyl trans-α-cyanocinnamate from benzaldehyde and ethyl cyanoacetate.
Introduction
Soda-lime-silica glass (SLSG) containers form a large proportion of the urban waste-stream in every developed nation. A number of projects have been carried out to 'upcycle' surplus soda-lime-silica glass into potential value-added materials such as ion-exchangers, lightweight aggregates and ceramics [1] [2] [3] [4] . In this respect, a recent study reports the hydrothermal synthesis of lithium metasilicate (Li 2 SiO 3 ) from waste container glass and its potential to act as a carrier for zinc ions [2] . Lithium metasilicate is a synthetic alkaline inosilicate with applications as a breeder material for tritium, ionic conductor, gas-sensor and CO 2 -sorbent [5, 6] .
Basic inorganic waste-derived heterogeneous catalysts are currently being considered for various organic reactions [7] . These include a wide range of mixed oxide materials from fly ashes, slags and red muds, silica-rich phases from slags and rice husk ash, and calcium-rich phases derived from bones, molluscs and egg shells [7] . In particular, lithium metasilicate, prepared by calcination of rice husk ash and lithium carbonate, has proven successful in the catalysis of the transesterification of soybean oil with methanol to produce biodiesel [8] .
The Knoevenagel condensation reaction of an aldehyde or ketone with an activated methylene group is widely employed in the chemical and pharmaceutical industries for the formation of carboncarbon bonds [9] . This reaction is generally carried out in solution under basic homogeneous catalysis. Environmentally benign solid basic catalysts have been proposed as a superior alternative to the traditional homogeneous catalysis for the Knoevenagel reaction which presents problems associated with the separation of the product and the disposal of the large volume of caustic waste liquor [9] .
In this study, a lithium metasilicate-bearing mixed oxide product was prepared hydrothermally from waste SLSG in 4 M lithium hydroxide solution at 125 °C and characterised by powder X-ray diffraction analysis (XRD) and Fourier transform infrared spectroscopy (FTIR). The possibility of using this lithium metasilicate product as a basic heterogeneous catalyst for the Knoevenagel reaction between benzaldehyde and ethyl cyanoacetate was explored.
Materials and methods

Preparation and characterisation
Impure lithium metasilicate was prepared from discarded green soda-lime-silica glass (SLSG) bottles by adapting the hydrothermal method described in reference 2. In brief, 3.0g of SLSG and 60 cm 3 of 4M LiOH (aq) were heated at 125 °C in hermetically sealed PTFE reaction vessels under autologous pressure for 14 days. The oxide analysis of the glass was determined by X-ray fluorescence spectroscopy [1, 2] and is given in Table 1 . The reaction was carried out in triplicate and the products were washed with deionised water to pH ̴ 10 and dried to constant mass in air at 40 °C prior to analysis and use. The reaction products were analysed by powder XRD using a Bruker D8 diffractometer with Cu Kα = 1.5406 Å, a step size of 0.02° in the 2θ range from 5 to 60° and a measuring time of 1 s per step. X-ray diffraction data were compared with JCPDS files using DIFFRAC.EVA software (Bruker, Germany). Quantitative analysis was carried out by Rietveld refinement using a fundamental parameters approach with full axial model using TOPAS 4.2 software (Bruker, Germany) [10] . The lithium metasilicate structure used for the quantitative analysis was described by Tang et al. [11] and all other structures were selected from the TOPAS 4.2 structure database (Bruker, Germany). The FTIR spectrum of the reaction products was acquired using a Perkin Elmer Spectrum Two spectrometer between 450 and 4000 cm -1 wavenumbers, with 16 scans at a resolution of 4 cm -1 .
The Knoevenagel condensation reaction
The catalytic properties of lithium metasilicate were investigated using the Knoevenagel condensation reaction between benzaldehyde and ethyl cyanoacetate to produce ethyl trans-α-cyanocinnamate [9, 12] . 0.25 g of lithium metasilicate were added to a mixture of benzaldehyde (19.6 mmol) and ethyl cyanoacetate (18.8 mmol) in 50 cm 3 of ethanol, in a three-necked round bottom flask, equipped with a reflux condenser, thermometer and magnetic stirrer. The mixture was heated at 80 °C for 1.5 h, under constant stirring. At time intervals of 0, 15, 60 and 105 mins, 1 cm 3 aliquots of the reaction mixture were withdrawn for analysis via gas chromatography (GC), using an Agilent 7683B instrument equipped with an HP-1 capillary column and a flame ionisation detector (FID). The same reaction was conducted in the absence of the lithium metasilicate product. All reactions were carried out in triplicate. The ethyl trans-α-cyanocinnamate product was also confirmed by gas chromatography with mass spectrometry (Perkin Elmer turbomass DB5 spectrometer).
Results and discussion
Characterisation
The powder XRD pattern of the hydrothermal reaction product of waste green container glass and 4 M aqueous lithium hydroxide solution at 125 °C for 14 days is shown in Fig. 1 . These data confirm that the principal reaction product is orthorhombic lithium metasilicate (JCPDS file 29-0828), and that calcite, lithium carbonate and calcium hydroxide, are also present in minor proportions. The relative proportions of the components of the lithium metasilicate product are listed in Table 2 . The weighted profile R-factor (Rwp), for the refinement was 8.15, which demonstrates that the fittings are satisfactory. The composition of the impure lithium metasilicate obtained in this study is similar to that reported previously for a hydrothermal reaction product of colourless SLSG synthesised in 4 M lithium hydroxide at 100 °C for 5 days [2] . The increase in reaction temperature and time to 125 °C and 14 days, respectively, is seen to increase the proportion of lithium metasilicate from 67.9 to 73.5%, and to eliminate the minor reaction product, tobermorite. The FTIR spectrum of the lithium metasilicate reaction product is presented in Fig. 2 and closely resembles those of lithium metasilicate reported in the literature [2, 13] . Si-O-Si vibrations give rise to bands at 1045, 984, 736 and 619 cm -1 . The signal at 523 cm -1 is attributed to Si-O-Li deformations and O-Si-O vibrations give rise to the bands at 945 and 863 cm -1 .
The Knoevenagel condensation reaction
The potential ability of the lithium metasilicate product to catalyse the Knoevenagel condensation was tested on the reaction of benzaldehyde and ethyl cyanoacetate at 80 °C to produce ethyl trans-α-cyanocinnamate. The ethyl trans-α-cyanocinnamate product was confirmed by GC-MS, and the reaction, in the presence and absence of the catalyst, was monitored by GC. The relative concentrations of the starting reagents were used to evaluate the rate of reaction. The solution profiles of benzaldehyde and ethyl cyanoacetate as functions of time are plotted in Figure 3 . These data indicate that the rate of reaction is significantly enhanced in the presence of the heterogeneous lithium metasilicate catalyst. It should be noted, that two additional by-product phases, both of relative peak intensity below 0.1%, were detected by GC. These products have yet to be identified by mass spectrometry. A previous study by Chen et al. [8] , has also confirmed that lithium metasilicate derived from waste rice husk ash has been used to successfully catalyse the production of biodiesel from soybean oil with methanol. In this respect, waste-derived lithium metasilicate appears to be a promising basic heterogeneous catalyst for organic synthesis.
An investigation of the recovery and reuse potential of the SLSG-derived lithium metasilicate product for the catalysis of the Knoevenagel condensation and its ability to catalyse other organic reactions is now underway. The next stage of this research will also consider the economic feasibility of scaling-up this system.
Conclusions
This study has confirmed that a mixed product of lithium metasilicate (74%) with minor proportions of calcium carbonate, lithium carbonate and calcium hydroxide can be prepared by hydrothermal reaction of waste green container glass in 4 M lithium hydroxide solution at 125 °C for 14 days. The lithium metasilicate product was found to successfully catalyse the Knoevenagel synthesis of ethyl trans-α-cyanocinnamate from benzaldehyde and ethyl cyanoacetate. These findings indicate that this material is a promising basic heterogeneous catalyst for organic synthesis. 
